Abstract-A novel multifunctional 1 × 4 phased array antenna employing wideband frequency agile microstrip patches with simultaneous polarization reconfiguration has been designed and experimentally verified. Each radiating element consists of a circular microstrip patch connected to an annular microstrip ring via four varactor diodes for achieving frequency agility between 1.5 and 2.4 GHz (frequency agility bandwidth ≈46%, S 11 ≤ −10 dB). Employing two feed points per radiator enables switching among four polarization senses (two linear and two circular polarizations) using a polarization feed network (PFN). For realizing beam steering, the optimum amplitude and phase excitation coefficients for each radiating element were calculated using projection matrix method based on active element pattern, which is then applied to each corresponding radiating element using programmable digital phase shifters, low noise amplifiers, and attenuators arranged in a beam forming network. Measurement shows ±52°beam peak steering at 1.5 GHz and ±28°beam peak steering at 2.4 GHz based on 3 dB gain variation criteria for both the linear and circular polarizations. The simulated and measured results agree reasonably well.
M
ULTIFUNCTIONAL antennas are a point of interest in recent system design and research topics for their ability to improve communication system performance. These antennas typically incorporate dynamic design features such as frequency agility, polarization reconfiguration, and radiation pattern reconfiguration. Many wireless communication devices are required to operate in two or more frequencies as there are often different frequency allocations for different services [1] . Frequency agile antennas (FAAs) offer narrow instantaneous bandwidths that can be tuned to operate over a large range of frequencies. These antennas improve communication system capability by reducing the need of RF filtering and dynamic optimization compared to a wideband antenna system. There is a wide range of published research on FAAs [2] . Common tunable components used in these designs are varactor diodes as variable load or liquid crystal materials, which have been reported in [3] - [6] . Polarization reconfiguration is also desirable in communication systems as it provides filtering and duplexing in addition to enhanced detection by avoiding fading loss and polarization purity impairments. Various polarization reconfigurable antennas have been reported in [7] - [12] . Radiation pattern reconfigurable antennas provide communication system with benefits such as the longer communication range, and better signal to noise ratio (SNR). Single element antennas or antenna arrays with either frequency agility or polarization reconfiguration in combination to pattern reconfiguration have been reported in [13] - [24] . Two PFN designs that can generate four polarizations are reported in [22] and [23] . These two circuitries are narrow band and are not suitable for our design.
The authors of this paper have previously reported a wideband frequency tunable and polarization reconfigurable microstrip antenna solution over 30% frequency agility range along with the polarization reconfigurable feed network [24] .
In this paper, a multifunctional 1 × 4 linear phased array of frequency agile circular microstrip patches with polarization reconfiguration has been considered for beam steering applications. To the best knowledge of the authors, such a beam steering antenna which provides wideband frequency agility with simultaneous polarization reconfiguration is not presented earlier in the literature except in [25] - [27] . The radiating element is chosen based on [24] which offered only 30% frequency agility with simultaneous polarization reconfiguration. Brief detail of the antenna geometry and agility range has been provided in Section II. Each radiating element has two orthogonal feed points. Therefore, by controlling the port excitations, four different radiation polarizations can be generated. A novel polarization control feed network (PFN) consisting of RF switches, power divider, and coupled line phase shifter has been proposed, which is substantially different than our prior work presented in [24] . The PFN geometry and its performance result is presented in Section III. The radiating elements along with its dedicated PFNs are arranged in a linear 1 × 4 array. Beam steering is accomplished by the beam forming network (BFN) connected to the four PFN output ports. A MATLAB code based on the projection matrix method using the active element patterns (AEPs) [28] was developed to calculate the optimum amplitude and phase weights. Details about the array analysis and beam synthesis methods are provided in Section IV. Simulated beam steering performance of the array was experimentally verified and the results are given in Section V. Ansys High Frequency Structure Simulator version 15 has been used to simulate and analyze the proposed antenna in addition to using some custom developed MATLAB codes. Fig. 1 shows the geometry of the single radiating antenna element. As mentioned earlier, this geometry is based on the work reported in [24] , which has been now scaled to operate toward the higher frequency but with wider frequency agility bandwidth of 46% (1.5 to 2.4 GHz). For the sake of brevity, we are including only the most important details here. The antenna consists of a microstrip circular patch (R 1 = 15.5 mm) and a concentric circular ring (R 2 = 42 mm) separated by a narrow gap (1.3 mm) to place the varactor diodes. A 150 × 150 mm 2 and 120 mil (3.05 mm) thick Rogers 5880 RT/Duroid (ε r = 2.2, tanδ = 0.0009) is used as the substrate material. A Skyworks varactor diode (Model # SMV 1405-079LF) is chosen because of its low parasitic resistance (0.8 ), and large capacitance variation (0.63 to 2.67 pF) with the reverse bias voltage from 30 to 0 V. The varactor is modeled as a series RLC lumped component circuit. This model has been discussed in [24] . The parasitic values are extracted from the Skyworks data sheet. This antenna was fabricated and experimentally verified.
II. SINGLE RADIATING ELEMENT DEVELOPMENT

A. Antenna Geometry
B. Analysis and Measured Results
It was shown by analysis in [24] that, by varying the varactor capacitance, coupling between the annular ring and the circular patch would vary which consequently, changes the operational frequency of the antenna. The analytical study for this type of the antenna geometry is given in [24] . Fig. 2 shows the simulated and measured reflection coefficient magnitudes of the antenna for different bias voltages applied to the varactor diodes. Fig. 2 shows that the operating frequency varies from 1.5 to 2.4 GHz as the capacitance value is varied from 2.67 to 0.63 pF. This equates to a frequency agility range of approximately 46%, which is wider than the 30% reported in [24] . The absolute bandwidth at each of the tuned bands is between 33 and 66 MHz although the fractional bandwidth is nearly constant as expected for a resonant patch antenna. Because of the rotational symmetry in the antenna structure, capacitance variation has the same effect on the operational frequency of the port 2 (S 22 ). Although the simulated and measured results are given only for some selected capacitance values, in reality, varactor diode capacitance variation is continuous and can offer any capacitance value between 0.63 and 2.67 pF. The radiation performance of the antenna is similar to [24] and is not included here.
III. PROPOSED FEED NETWORK FOR THE AGILITY AND POLARIZATION CONTROL
A. Novel Polarization Feed Network Geometry
As shown in Fig. 1 the antenna has two feed points which are 90°apart from each other. In the dominant TM 11 mode circular patch, each of these ports generates orthogonal surface currents and therefore orthogonal radiated far-fields. By appropriately controlling the port excitations, one can generate radiation patterns with different polarization properties. If only one port is excited at a time, the antenna would generate linear polarization, either polarized along the x-axis (LPX) or the y-axis (LPY) based on which port is excited. If both ports are excited with equal magnitude and ±90°phase difference, the antenna would generate right handed circular polarization (RHCP) or left handed circular polarization (LHCP).
Our PFN design consists of the following: three single pole double through Skyworks AS186-302LF RF switches (less than 1 dB insertion loss and isolation better than 45 dB), one diversity Skyworks 13355-374LF RF switch (less than 0.6 dB insertion loss and isolation better than 22 dB), equal-split Wilkinson power divider (WPD) and a modified coupledline Schiffman 90°phase shifter [29] . The proposed feed Proposed polarization feed network (PFN) to control the ports excitation of the antenna for achieving polarization reconfiguration. network was laid out in coplanar waveguide (CPW) structure and simulated using the AWR's Microwave Office on a 62 mil (1.58 mm) thick FR4 substrate (150 × 150 mm 2 , εr = 4.4, tanδ = 0.02). Fig. 3 shows the geometry of the proposed PFN. This feed network was fabricated and measured for verification of the simulated results.
To illustrate how the PFN is working, the magnitude of surface current density for the feed network is plotted in Fig. 4 for the different polarizations. The state of the switches has been defined with arrows for more clear understanding. Comparing surface current for the linear polarizations, LPX and LPY, it is evident that the signal is traveling through a simple transmission line up to the diversity switch. It is the state of diversity switch that defines which port receives the power and which port is matched terminated. Similarly, for the RHCP and LHCP cases, the signal is going through the power divider and then the 90°coupled line phase shifter. Therefore, there would be two equally split signals which one has −90°phase difference comparing to the other one at the inputs of the diversity switch. If the diversity switch direct the 0°signal to antenna port 1 and −90°signal to antenna port 2, we would have RHCP. The reverse would generate LHCP. This feed network is a general design and could be used with any two port antenna configuration supporting two orthogonal linear polarizations.
B. Simulated and Measured Results
Fig . 5 shows the simulated and measured results for linear polarization LPX (in Fig. 3 ANT port 1 receives the power while ANT port 2 is matched terminated). In this case, the signal travels through switches and CPW transmission lines as shown in Fig. 4 (b). The input port (S 11 ) is matched for all the frequencies while one of the output ports (S 12 ) receives all the power and the other output port (S 13 ) receives no power. The difference between the measured and simulated results comes from the different sources of error. For example, the data used for modeling the switches and other components in simulation are taken from datasheets where the measurement conditions are typically not described in sufficient detail and possibly quite different from the end user application. It has been mentioned in the data sheets that the values may have 5%-10% error. Another source of error is the soldering quality and fabrication imperfections. In general, the simulated and measured data are in good and acceptable agreement. The other linear polarization, LPY, is generated by switching the outputs using the diversity switch as shown in Fig. 4(a) . Only results for the LPX case are plotted for brevity and due to the fundamental similarity to the LPY case.
To generate circular polarization over the wide frequency range, a WPD combined with a coupled-line Schiffman 90°phase shifter is used. The WPD has a very wideband matching bandwidth with a difference in output magnitude of less than 0.5 dB in magnitude over our frequency range of interest. Schiffman phase shifters can also generate a nearly constant phase shift over a wide range of frequencies [29] . The measured and simulated results of the proposed circuit including the effects of both the WPD and Schiffman phase shifter to generate CP are shown in Figs. 6 and 7. Fig. 6 plots the S-parameter response for the CP case. It is evident that Simulated and measured magnitude difference (dB) and phase difference (°) between the output ports for the CP case.
the output magnitudes (|S 21 | and |S 13 |) are almost equal while the input (|S 11 |) is sufficiently matched considering −10 dB matching criteria. Fig. 7 plots the simulated and measured difference between the magnitude and phase of the PFN outputs. Simulation shows a maximum magnitude difference of 0.8 dB, whereas the measured results show a maximum difference less than 0.9 dB around 2 GHz. Ideally, a constant 90°phase difference between the ports is desired to generate CP with adequate axial ratio (AR). Fig. 7 shows a simulated phase variation of 8°(from 88°to 96°) compared to a measured phase difference variation of 10°(from 88°and 98°). Overall, the magnitude and phase variation of the proposed circuit are expected to have some impact on the quality of the CP, but an AR of less than 3 dB is achievable. Again only one CP result was presented in the interest of brevity and because the two cases are fundamentally similar.
From Figs. 5 and 6 it is evident that the PFN loss is around 3 dB range. This loss is due to the lossy FR-4 substrate material (tanδ = 0.02), RF switches loss (0.7 dB which is nominal value for each switch), biasing components (dc blocking capacitor and RF choke inductors) and quality of the soldering. Loss values have been summarized for selected frequencies in Table I . One should notice that for linear polarization signal would travel though three RF switches while for CP the signal should go through four RF, which generates more losses. To compensate this loss without degrading the SNR, low noise amplifiers (LNAs) should be placed preferably right after the antenna ports which would require eight LNAs. However, in this design to reduce number of LNAs, we decided to include it in the BFN board, which will be discussed in the coming section.
IV. ARRAY ANALYSIS AND BEAM SYNTHESIS
A. Array Geometry A 1 × 4 linear array antenna implementation for beam steering applications (Section II) is discussed in this section. Fig. 8(a) shows the geometry of the proposed linear array aperture. The spacing between the elements is 85 mm, which is λ/2 at midway between the edges of the frequency range of interest at 1.765 GHz. The array was fabricated using Rogers 5880 RT/Duroid substrate of thickness 3.2 mm. Each of the array elements has its own dedicated polarization feed network (PFN). These four PFN circuits are shown in Fig. 8(b) with marked feed points (F1 to F8) where the output ports of the radiating elements are connected. All the RF switches on the combined PFN board are controlled using a dual inline package (DIP) switch. Therefore, once the polarization is set by the DIP switch, all four PFNs would have the same state ensuring that all four radiating elements would produce Simulated reflection coefficient magnitude of the array for three different capacitance values. the same polarization. The radiating element output ports and PFN input ports have Subminiature Adapter (SMA) female connectors. Thus, male to male SMA adaptors (barrels) are used to connect the PFN board to the array aperture board in a back-to-back configuration. In principle, both the array aperture and PFN circuits could be fabricated in one multilayer printed circuit board stackup. However, this is a more costly approach and not necessary to demonstrate the multifunctional antenna concept presented in this paper. Fig. 9 shows the array's simulated reflection coefficient magnitude for the three different capacitance values of the varactor diodes. Fig. 9 implies that the operational frequency of all four radiating elements in the array is varying together as the capacitance value of the varactor is changing while maintaining a good impedance matching level.
B. Array Analysis
Mutual coupling between the elements in the array has a significant impact on the radiating element's impedance performance, which is shown in Fig. 10 . Only the simulated coupling between the adjacent ports are plotted as these are the worst values. As expected, the lowest frequency (1.5 GHz) has the highest coupling level due to the minimum element spacing in terms of wavelength. Even in this case, the coupling between the elements at this frequency is better than −12 dB. The minimum coupling of better than −27 dB happens at the highest frequency (2.4 GHz) where we have maximum element spacing in terms of wavelength.
Another important factor in the array analysis is the active scattering parameter (ASP). The importance of ASP should not be neglected as it reflects the coupling variation as the beam scans [30] . Fig. 11 shows the array's simulated ASP at 1.5 GHz for the LHCP case where we have all the eight antenna ports excited simultaneously. To test the LHCP mode, a 90°phase difference was applied between even and odd mode ports. At this frequency, we have the worst coupling between the elements and the largest scan range. This would create the worst case ASP variation. This figure shows that the active S-parameter is varying as we vary the progressive phase shift between the elements, which in fact, steers the beam peak. As we steer the beam, the induced field from the adjacent elements causes the input impedance of one element to vary as captured in this figure.
C. Beam Synthesis Method
To maximize the performance of an antenna array, many synthesis methods based on the array element excitation control have been proposed. In this paper, the beam synthesis has been done based on the projection matrix method described in [28] but the AEP is used as the input data, so the mutual coupling and replacement from the phase center for each element has been taken into account. The AEP is defined by exciting single element in the array when all other elements are terminated in matched loads. This method is briefly described in the Appendix.
V. EXPERIMENTAL VERIFICATION
A. Fabricated Array and Feed Networks
A functional block diagram of the receiver only array and supporting feed network blocks are shown in Fig. 12 . The output ports of each of the radiating elements are connected to the input ports of an active PFN using male SMA to male SMA barrels. Flexible coaxial cables are used to connect the output ports of the PFN circuits to the BFN input ports.
The BFN consists of four LNAs (RAMP-33LN LNA from Mini-Circuits with an average gain of 15 dB), four 6 bit digital phase shifters (DPSs with 360°variation in 5.6°steps), and four 6 bit digital step attenuators (DATs with full attenuation of 31.5 dB in 0.5 dB steps) each having a unique hardware address. Due to the LNA positive gain, this board would Functional block diagram of the fully combined array with BFN + PFN boards. provide BFN gain around 8 and 4.5 dB at 1.5 and 2.4 GHz, respectively. Programmable components on the BFN are controlled from a laptop hosting a custom Graphical user interface through a microcontroller (MCU). Other supporting logic and power circuitry is present on the BFN board. The combined RF output of each RF channel is combined in a final Wilkinson power combiner where it can be routed to the vector network analyzer receiver for the measurement. Fig. 13 shows the two sides of the fabricated BFN.
B. Array Calibration
The antenna array was calibrated and characterized in the anechoic chamber at San Diego State University's Antenna and Microwave Laboratory (AML) for the radiation pattern performance. The Orbit/FR measurement facility has the capability to perform both far field and spherical near field radiation pattern measurements. The BFN, PFN board, array aperture, and supporting circuitry were integrated into the test setup mounted in the AML's anechoic chamber as shown in Fig. 14 . The calibration process consists of the following four steps: 1) measure each of the AEPs; 2) compute the required complex weighting coefficients needed to synthesize a desired beam pattern using the MATLAB code; 3) apply the computed complex weights and characterize the resulting array patterns; Fully assembled antenna array with the polarization feed networks (PFNs), and BFN boards as mounted in the anechoic chamber for the radiation pattern measurement. To measure AEP for each of the array elements, the signal attenuation for the element under test was set to 0 dB while all the other elements receive maximum attenuation of 31.5 dB. The phase shift was set to 0°for all the elements. In the described experimental setup, the complex radiated fields were measured for a spherical sampling of azimuthal and elevation angles and for the different polarizations and frequencies. Fig. 15 shows the φ = 90°cut of the measured copolarization AEP for each of the array elements at 2.0 GHz with LPY polarization. To steer the beam toward the desired angle, the measured radiation field data was processed based on the described projection matrix method using a MATLAB code to find the optimum excitation (amplitude and phase) for each of the array elements as described in Section III. Fig. 16 shows the measured normalized radiation pattern of the array after processing AEP in MATLAB to steer the synthesized beam toward 20°. The calculated attenuation and phase shift for each of the elements is also shown in Fig. 16 . The expected angular error is ±1°but because of the limited accuracy of the DATs and DPSs. Measured results show an error of ±3°i n the worst case. To remove the effects of the feed network from the measurements and recover the array pattern gain, G θ (φ = 90°), a de-embedding process is required. We quantify the gain and efficiency of the array aperture separately from the feed network. In our particular implementation, there are no LNAs at the input to the PFN, which will result in a noise figure increase roughly equal to the PFN losses. Had this been done, the receiver sensitivity would have been determined primarily by the aperture inefficiencies alone. Furthermore, it is a relatively simple design change to move the existing LNAs from the BFN inputs to the PFN inputs rendering the impact of the feed network losses negligible with respect to maintaining an adequate SNR at the receiver. The de-embedding procedure used in this paper is the same as the method used in [21] . The array pattern gain can be computed by normalizing the measured gain of the full array, G M θ (φ = 90°), to the active feed network channel gains, S n 21 . The active feed network channel scattering parameters are measured in 50 source system and load impedances. In the fully assembled array, the inputs to the active feed network are loaded by the patch antenna impedances. Therefore, the actual array pattern gain will depend on the output reflection coefficient of the patch antennas, A , and the input reflection coefficient of the active feed network, S n 11 . The antenna and feed network are also connected by a male to male SMA adapter. This is treated as a perfectly matched 50 transmission line with a phase shift of exp(β j ). Fig. 17 shows the equivalent signal flow graph (SFG) for a simplified model of a single receive channel on the array. Using this model, we derive the array pattern gain as [21] 
C. Measured Radiation Patterns 1) Frequency Agility Performance: Fig. 18 shows the measured and simulated boresight linear polarization gain patterns of the array for six operational frequency agile bands. Measured results show that the array has 13.29 dBi gain at 2.4 GHz. This gain decreases gradually to 9.66 dBi at 1.5 GHz. This gain variation over frequency is to be expected from the corresponding variation of the array aperture electrical size. For example, a quick analytical calculation of the directivity from the approximate aperture area (85×340 mm 2 ) yields an expected 9.6 dBi at 1.5 GHz and 13.7 dBi at 2.4 GHz. This calculation does not account for fringing fields that may increase the expected directivity by some amount. However, the approximately 4 dB gain variation from analysis over frequency is consistent with measurement. The difference between the measured (13.29 dBi at 2.4 GHz and 9.66 dBi at 1.5 GHz) and simulated gain (14.0 dBi at 2.4 GHz and 10.32 dBi at 1.5 GHz) values can be compensated by considering higher parasitic resistance for the varactor diodes. This suggests that, the varactor diode has higher value of resistance than what was mentioned in the data sheet. Table II summarizes the simulated and measured results for the boresight gain of the linear polarization.
Similarly, the LHCP case has been simulated and measured. Fig. 19 shows the simulated and measured boresight CP gain for six different frequency agile bands. Measured data shows gain variation from 12.34 dBic at 2.4 GHz to 8.45 dBic at 1.5 GHz, which is again consistent with change in aperture electrical size over frequency.
The gain variation in simulation is from 13.8 dBic at 2.4 GHz to 9.81 dBic at 1.5 GHz. Compared to the linear polarization, the CP case shows lower gain values which is attributed to the resistance in the varactors. For CP case, all four varactor diodes are seen by the surface currents whereas in the linear polarization, the surface currents pass through only two of the varactor diodes. Fig. 20 shows the measured and simulated boresight AR of the array for six tuned frequency bands. Simulation and measured AR values are in agreement except at 2.2 and 2.4 GHz. The reason for this discrepancy is the difference in the measured and simulated performance of the PFN, as shown in Fig. 6 and discussed in Section III. Fig. 21 shows the measured and simulated radiation patterns for four polarizations (LPX, LPY, RHCP, and LHCP) at 2.0 GHz. Again, the simulated results show higher gain compared to measurement. As was mentioned before, this difference comes from the higher varactor parasitic resistance compared to the one considered in the simulations. For linear polarization, the simulated cross polarizations are lower compared to the measured ones because the feed network has better port isolation in the simulation than the measurement. Additional degradation to polarization purity may be attributed to scattering from cables and the large wooden sheet used for mounting the antenna. Table IV summarizes the measured and simulated radiation performance for the four different polarizations.
3) Beam Steering Performance: Fig. 22 shows beam steering performance of the array at 2.0 GHz for one linear and one circular polarization. At 2.0 GHz interelement spacing (d = 85 mm) is more than half wavelength, which introduces a grating lobe beyond a maximum scan angle. Theoretically, the maximum scan angle before grating lobe occurs can be calculated using the equation
At 2 GHz, with d = 85 mm interelement spacing, beam scanning up to 40°can be achieved without grating lobe coming into picture. Fig. 22 shows the gain variation as we steer the beam along the array axes from −50°to +50°and for both the LPY and LHCP polarizations. It also shows that the main lobe gain is almost constant from −40°to +40°for both the linear and circular polarizations. Looking at the AEP as shown in Fig. 15 , it is evident that the single element radiation patterns get flattened because of coupling to the neighborhood radiating elements. Therefore, the array is expected to have almost constant gain as beam steers in this limited range. The gain drops sharply at scan angles beyond ±40°due to the sharp roll off of the element pattern amplitudes. Fig. 23 shows the radiation patterns for the LHCP at 2.0 GHz as the beam steers to −40°and +40°. Results show good copolarization and cross-polarization discrimination. There is a slight difference between simulation and measurement but the results are overall in good agreement. Some of this discrepancy can be attributed to imperfections of the measurement setup such as alignment issues and scattering that has not been accounted for in simulation. Table V summarizes the beam steering performance for the LHCP case and at different frequencies. In this Table V, θ 3 dB is the angle at which the array pattern gain has dropped by 3 dB from boresight while θ max represents the maximum scan angle before the main lobe and sidelobe gain level become equal.
The antenna array was also tested using the spherical near field system to capture 3-D radiation patterns. Fig. 24 shows the normalized simulated and measured radiation patterns at 2.0 GHz for the LHCP case when the beam peak is steered to 0°, 20°, and 40°. Measured results show higher sidelobes but overall it is in good agreement with the simulation results. difference between measured and simulated PFN performance discussed earlier.
VI. CONCLUSIONS
A multifunctional antenna consisting of a linear array of wideband frequency agile circular microstrip patches with simultaneous polarization reconfiguration is simulated, fabricated and experimentally verified for the beam steering application. The operational frequency band is from 1.5 to 2.4 GHz (46% frequency agility) and can be controlled using varactor diodes, which is significantly wider than our previously reported result. Radiation pattern polarization is reconfigured by controlling port excitations which can generate LPX, LPY, LHCP, and RHCP. A novel polarization control feed network (PFN) consisting of RF switches, WPD and coupled lined Schiffman phase shifter has been used for realizing the polarization reconfiguration. To steer the beam toward a desired scan angle, a BFN consisting of programmable DPSs and variable gain attenuators fully control by a MCU has been used. A MATLAB code based on measured AEP and projection matrix method is used to find optimum complex coefficients to steer the beam. The proposed array along with the PFNs and BFN is fabricated and measured for verification of the simulated results. Measurement shows ±52°b eam peak steering toward the lower frequency end (1.5 GHz) and ±28°beam peak steering toward the higher frequency end (2.4 GHz) based on 3 dB gain variation criteria. Simulated and measured results are in agreement for most of the part. Such an array antenna is an example of a multifunctional antenna which can be use in several applications requiring frequency agility with simultaneous polarization reconfiguration and beam steering.
APPENDIX
To maximize the performance of an antenna array, many synthesis methods based on the array element excitation control have been proposed. In this paper, the beam synthesis has been done based on the projection matrix method described in [28] but the AEP is used as the input data, so the mutual coupling and replacement from the phase center for each element has been taken into account. This method can be described as follows.
Consider 
Multiplying pseudoinverse matrix of [P] m×n with [ A P D ] m×1 yields the optimal [α] 1×n in the sense that the mean square error between the desired pattern ([ A P D ]) and the actual pattern is minimized [28] . A pulse function has been used as a desired pattern with the peak at θ 0 (desired angle) in order to maximize the gain of the array. Other desired array patterns can be substituted in order to trade off gain for other radiation pattern parameters such as sidelobe level or cross-polarization level.
